Herpes simplex virus type 1 (HSV-1) infection induces expression of the human immunodeficiency virus type 1 (HIV-1) provirus in the chronically infected T-cell line ACH-2. The HSV-1-mediated induction correlates with the appearance of two NF-KB-specific proteins of 55 and 85 kDa in the nucleus and with the binding of 50-kDa nuclear protein to the LBP-1 binding site of the untranslated leader sequence of the HIV-1 long terminal repeat. The HSV-1-induced LBP-1 binding protein, designated HLP-1, is present exclusively in HSV-1-infected, but not in phorbol-12-myristate-13-acetate-or tumor necrosis factor alpha-treated ACH-2 cells. Both the NF-KB and LBP-1 target sequences, when inserted either alone or together 5' of a heterologous minimal promoter (thymidine kinase), confer inducibility by HSV-1 infection in a transient transfection assay.
The period between the initial infection with human immunodeficiency virus type 1 (HIV-1) and the clinical manifestation of AIDS disease can span several years. During this time, HIV-1 is present in infected cells as integrated proviral DNA, with little or no expression of viral components. The mechanism of transition from the latent, nonproductive HIV-1 infection cycle to a productive pathogenic infection is currently unknown. However, it has been shown that in chronically infected cell lines in vitro, HIV-1 expression can be activated by various stimuli such as mitogens, phorbol esters, and cytokines (reviewed in reference 34).
The signal transduction pathways by which these stimuli activate expression of HIV-1 provirus are still not clearly understood. Recently, it has been shown that the NF-KB binding proteins that bind to the decameric sequence motif present in the enhancer element of the HIV-1 long terminal repeat (LTR) with concomitant induction of HIV-1 LTR expression play a major role in the activation of HIV-1 provirus by external stimuli (22, 27, 37) . The transcription factor, NF-KB, mediates transcription of a wide variety of cellular genes, coding for the immune, inflammatory, and acute-phase response proteins (2) . This factor appears to be a heterodimer containing two DNA binding subunits of 50 and 65 kDa (3) . The gene coding for the NF-KB binding protein was recently identified, and it was shown that the amino-terminal half of its 105-kDa open reading frame encodes the 50-kDa subunit that shows a high homology to the v-rel oncogene and its cellular analogue, c-rel (8, 14, 20) . While in B cells, NF-KB is present in an active form in the nucleus (37) , in the majority of other cells, it is present in the cytoplasm in an active form. Activation of NF-KB generally requires dissociation of the inactive cytoplasmic NF-KB-IKB complex and translocation of the NF-KB heterodimer to the nucleus (4) . Activation may also involve the proteolytic cleavage that releases p50 from the 105-kDa precursor and the transcriptional activation of the NF-KB gene (33) . * Corresponding author.
The transcriptional activity of the HIV-1 LTR can also be stimulated by infection with several heterologous viruses, including those of the herpesvirus family that often accompany HIV-1 infection in AIDS patients (10, 15, 30, 36) . The fact that several of these viruses use the NF-KB factor to induce their own expression suggests that NF-KB also plays a role in the up-regulation of HIV-1 infection by heterologous virus infections. We have analyzed the molecular mechanism by which herpes simplex virus type 1 (HSV-1) enhances expression of HIV-1 LTR and have shown, with others, that HSV-1-mediated transactivation of HIV-1 occurs at the transcriptional level (26) . Using deletion analysis, we have localized the HSV-1-responsive element between -104 and -32 bp from the cap site and have shown that this 73-nucleotide-long fragment alone can confer HSV-1 inducibility in a transient expression assay (25) . The presence of NF-KB sites in the inducible element and the fact that HSV-1 infection stimulates the activation of NF-KB binding proteins in HeLa cells (15) suggest a correlation between the binding of NF-KB-specific proteins and the inducibility of the HIV LTR. In contrast, however, in Jurkat T cells expressing the HIV-1 tat gene, no single element conferring HSV-1 inducibility was identified and the inducibility of the HIV-1 LTR was not affected by mutations that abolished the NF-KBspecific binding (28) .
This study was initiated to examine the limiting factors that are involved in the HSV-1-mediated induction of HIV-1 expression in a chronically infected T-lymphocytic cell line, ACH-2. These cells contain a single copy of HIV-1 provirus which is expressed constitutively only at a very low level; however, its expression can be significantly enhanced by treatment with phorbol-12-myristate-13-acetate (PMA) or cytokines (34 In the transfection assay, the CAT plasmid DNA (12 ,ug) was introduced either by DEAE-dextran (240 ,ug/ml) or by the electroporation technique into 2 x 107 cells. Twenty-four hours after transfection (electroporation), cells were divided into three parts: one part was treated with PMA (Sigma) (50 ng/ml), the second was infected with HSV-1 (MOI of 3), and the third was kept as untreated control. Sixteen hours after PMA stimulation (or HSV-1 infection), cells were harvested, washed in phosphate-buffered saline, and frozen at -70°C. CAT analysis was performed as described previously (31) .
Protein extracts and DNA binding analyses. Nuclear and cytoplasmic extracts were prepared as described by Stein et al. (38) UV-cross-linking was performed with the BrdU-substituted probe as described recently (41) . Briefly, the binding and separation of the DNA-protein complex on nondenaturing gel was done as described above, and the gels were UV irradiated in situ for 20 min. The DNA-protein adducts were then eluted, and the eluates were analyzed by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Western immunoblot analysis and RT assay. Cells were lysed and proteins were separated as described recently (41) . Separated proteins were then transferred to nitrocellulose filters and incubated with human anti-HIV-1 or -HSV-1 serum. Antigen-antibody complexes were detected by using 125I-labeled protein A as described by Strebel et al. (39) .
Virion-associated reverse transcriptase (RT) activity was measured by a modified method of Adachi et al. (1) .
RESULTS
Activation of the endogenous HIV-1 provirus by HSV-1 infection. To determine whether HSV-1 infection can stimulate replication of HIV-1 provirus in the chronically infected T-cell line ACH-2, we infected cells with HSV-1 at an MOI of 3 and assessed HIV-1 replication by monitoring the levels of RT activity in the culture medium. Whereas we observed a sharp increase in RT activity at 24 h after HSV-1 infection in ACH-2 cells, no increase in RT activity was detected when media from mock-infected cells were used (data not shown).
The HSV-1-mediated induction of HIV-1 expression was further analyzed on the protein level by Western blot analysis (Fig. 1A) . In ACH-2 cells, relative levels of HIV-1 proteins were markedly increased at 24 h after HSV-1 infection, while HSV-1-specific proteins were detected as early as 8 h after infection (Fig. 1B) .
Analysis target for the binding of several proteins of the Rel family (5, 24) . To determine which of the NF-KB binding proteins are induced by HSV-1 in ACH-2 cells, we incubated nuclear extracts from HSV-1-infected and uninfected ACH-2 cells with the photoactivatable BrdU-substituted NF-KB probe (see Materials and Methods). The protein-DNA complexes were separated on a nondenaturing gel ( Fig. 2A) and irradiated in situ, and the eluted DNA-protein adducts were resolved by SDS-PAGE. HSV-1 infection of ACH-2 cells 7) were used as controls. The total length of infection in all cases was 7 h. Extracts were incubated with the 32P-labeled NF-KB probe (see Materials and Methods), and DNA-protein complexes were resolved on a 4% polyacrylamide gel.
induced binding of two NF-KB specific proteins of 55 and 85 kDa (Fig. 2B) . We assume that the smaller protein may represent an alternatively processed form of NF-KB p50 (14) , and the larger protein the 85-kDa c-rel proto-oncogene (32); however, additional experiments are in progress to determine the identification of these proteins. Identical NF-KB proteins were induced in the HSV-1-infected, HIV-1-negative parental T-lymphocytic cell line A3.01 (data not shown).
To correlate the induction of NF-KB binding proteins with the time course of the HSV-1 replicative cycle in T cells and to determine whether protein synthesis is required for NF-KB induction, we treated ACH-2 cells with cycloheximide (CHX) at different times after HSV-1 infection. NF-KB binding proteins appeared in HSV-1-infected ACH-2 cells at 4 to 5 h after infection (data not shown). Addition of CHX at 1 or 2 h after infection (Fig. 3, lanes 5 and 3, respectively) inhibited the appearance of NF-KB binding activity in nuclei of HSV-1-infected cells. However, when CHX was added at 4 h after infection (Fig. 3, lane 4 proteins is required either for the activation of NF-KB gene expression or for its dissociation from an inactive NF-KB-IKB complex. The present study, however, does not exclude completely the possibility that the synthesis of cellular proteins is also required for the activation of NF-KB binding. We have previously shown that the immediate-early genes of HSV-1 are involved in the activation of the HIV-1 LTR (25). However, it is still not clear whether these genes also mediate the induction of NF-KB binding activity in the nucleus in HSV-1-infected cells, since at the MOI used for the activation of HIV-1 provirus, expression of both immediate-early (IE110, IE175) and late genes (VP16) could be detected at the time of appearance of NF-KB activity in the nucleus (data not shown).
Infection with HSV-1 induces binding of a novel protein to the HIV-1 leader sequence. Based on several reports in which HIV-1 LTR CAT deletion mutants were used, the inducibility of the HIV-1 LTR by cytomegalovirus and other viruses depends on the presence of sequences downstream from the transcription initiation site (6, 7). To determine whether HSV-1 induces nuclear proteins that can interact with this region, we examined binding of nuclear proteins from HSV-1-infected cells to the fragment of the HIV-1 LTR representing the sequence between the TATA box (DdeI [-40] ) and the end of the TAR region (Sacl [+36] ). Formation of a new inducible protein-DNA complex (Fig. 4) (Fig. 5A ), but not with the HIP sequence (data not shown).
The time course of induction of the HLP-1 binding activity in HSV-1-infected A3.01 cells is shown in Fig. 5A . Infection resulted in both the appearance of a new slowiy moving complex (marked a in Fig. 5A ) and enhancement of binding of a fast-moving complex (b). Complex b is constitutively present in the nucleus and cytoplasm of uninfected A3.01 cells as well as in HeLa and Namalwa cells (see also Fig. 6 ). The level of the cytoplasmic b complex was greatly enhanced at later times after HSV-1 infection, when it had the mobility of a doublet. The HLP-1 binding activity (complex a) appeared in the nucleus of A3.01 cells by 5 h postinfection (seen upon a prolonged exposure), and its level gradually increased with the progression of infection. In cytoplasm, the HLP-1 binding activity could be detected as early as at 5 h postinfection. The same pattern of HLP-1 binding was also observed in HSV-1-infected Jurkat, ACH-2, and Namalwa cells (data not shown), suggesting that this binding activity is associated with HSV-1 infection, but it is not cell-type specific. The specificity of HLP-1 binding to the LBP-1 site was confirmed by competition experiments. Binding of HLP-1 to the radioactive LBP-1 probe in a gel retardation assay (Fig. SB) could be inhibited by the addition of a 100-fold excess of the unlabeled probe, but not by the same excess of oligonucleotides representing NF-KB or HIP binding sites. Also, the LBP-1 oligonucleotide mutated in all three LBP-1 binding sites (17) was not able to block HLP-1 binding at this concentration.
It has been shown that the NF-KB proteins p50 and p65 are present in the cytoplasm of the majority of cell types as an inactive NF-KB-IKB complex. To determine whether the HLP-1 protein is also present in the cytoplasm of uninfected cells in an inactive form, we treated the cytoplasmic extracts from uninfected A3.01 cells with several detergents (Nonidet P-40, sodium deoxycholate, CHAPSO); however, no induc- tion of HLP-1 binding activity was detected. Similar treatment of cytoplasmic extracts released the NF-KB binding activity (data not shown).
To assess whether protein synthesis is required for the HSV-1-mediated induction of HLP-1 binding, A3.01 cells were infected with HSV-1 and then incubated for different lengths of time with CHX. Cells were collected 7 h after HSV-1 infection, and the nuclear and cytoplasmic extracts were analyzed for HLP-1 binding activity (Fig. 6) . Addition of CHX as late as 4 h after infection completely abolished the induction of HLP-1 binding activity in the nucleus (Fig. 4) , while low levels of HLP-1 binding activity could be detected in the cytoplasm, suggesting that the HLP-1 protein starts to appear in the cytoplasm 4 h after infection and is later translocated into the nucleus.
To determine the size of the HLP-1 protein, we incubated nuclear and cytoplasmic extracts from HSV-1-infected ACH-2 cells with the BrdU-substituted LBP-1 probe. After separation of protein-DNA complexes in a nondenaturing gel and in situ UV-cross-linking, nucleoprotein adducts were analyzed by SDS-PAGE (Fig. 7) . Comparison of protein complexes a and b (Fig. 5) revealed a 50-kDa nucleoprotein adduct to be the major component of slowly migrating complex a. This nucleoprotein complex was present in both the nucleus and cytoplasm. In contrast, complex b is formed by several different proteins that can be seen only upon a long exposure (Fig. 7) . On the basis of this experiment, we conclude that the HLP-1 protein is not identical to the previously identified LBP-1 protein of 61 to 64 kDa (43) .
Functional analysis of HSV-1-inducible proteins. To deter- (Fig. 8) . As a control for induction, we also stimulated these cells with PMA, which induces several NF-KB binding proteins in these cells (41) , but not the HLP-1 protein. Although the basal level of CAT activity in these cells was very low, stimulation with PMA resulted in a threefold increase of CAT levels, while HSV-1 infection increased the enzyme levels by ninefold. In the A3.01 cells transfected with the NF-KB mutant HIV-1 LTR CAT plasmid (mutation in NF-KB sites) (28), treatment with PMA did not increase the level of CAT activity (Fig. 8) , while HSV-1 infection increased the enzymatic activity by threefold. Therefore, in addition to the NF-KB enhancer, another cis element of the HIV-1 LTR contributes to the HSV-1-mediated induction.
Since we showed that HSV-1 infection induces both (Fig. 9) . The promoter activities of both p6tkCAT containing NF-KB sites and plltkCAT containing LBP-1 sites were activated by HSV-1 infection more effectively (10-fold and 7-fold increase, respectively) than the parental pBLCAT2 vector (4-fold induction), indicating that either site can confer inducibility by HSV-1. The p23tkCAT plasmid containing both the NF-KB and HLP-1 binding sites was, however, induced by HSV-1 most efficiently, and the levels of CAT activity were about 25-fold higher in HSV-1-infected cells than in uninfected cells. These results suggest a cooperative effect between NF-KB and HLP-1 proteins.
DISCUSSION In this study, we showed that the HSV-1-mediated activation of HIV-1 provirus in T cells correlated with binding of regulatory proteins to at least two cis-acting elements of the HIV-1 LTR: the NF-KB decamers and the LBP-1 sites of the leader sequence. It was shown that the activation of the HIV-1 LTR and of the integrated HIV-1 provirus by a number of external stimuli proceeds through up-regulation of NF-KB-mediated transcription. The stimulation of T cells and monocytes with PMA or TNF-a induces binding of about five different polypeptides, including NF-KB protein p50 and c-rel (5, 24, 41) . By contrast, HSV-1 infection of T-lymphocytic cell lines A3.01 and ACH-2 activated only binding of the p55 and p85 polypeptides, which we assume correspond to the alternatively processed p50 subunits of NF-KB and c-rel, respectively (14, 20) . However, additional experiments with specific antisera must be done to confirm the identity of these proteins. Both the c-rel and the NF-KB complexes were previously shown to activate NF-KB-mediated transcription (2, 16) . The nuclear form of the NF-KB complex contains both the 50-and 65-kDa protein subunits that bind DNA as a heterodimer; the presence of the 65-kDa polypeptide seems to be essential for the inducibility. Since p65 can also bind the NF-KB decamer (29, 35) , its absence in nuclear extracts of HSV-1-infected cells detected by UVcross-linking is surprising. As (25) and others (13, 28) (42) . At the multiplicity of HSV-1 infection used, transcription of both the early (tk) and late (VP16) HSV-1 genes had already occurred at times (4 to 5 h postinfection) when the NF-KB binding activity was first detected in the nucleus. However, inhibition of HSV-1 replication by acyclovir substantially decreased induction of NF-KB binding in HSV-1-infected cells (42) , suggesting that the expression of the early HSV-1 genes is not sufficient for the induction of NF-KB binding activity.
In the present study, we also showed that mutation in both 
